Hot weather adversely a!ects the performance of pig production. Under heat stress, penalties to e$cient performance, production, reproduction, feed conversion, health and welfare of animals can be severe. In the Alentejo region of Portugal, the main losses in pig production result from the summer dry period, characterized by high air temperature and low relative humidity.
Introduction
The climate in the Alentejo region of Portugal, as it relates to the heat stress periods and their interference with pig production (Cruz & Lucas, 1995; Cruz, 1996; Lucas & Cruz, 1997) has been characterized based on general daily climatic data. However, this is a coarse measure of conditions likely to occur in pig buildings and four meteorological stations recording hourly data were chosen for analysis in this study.
This study de"nes the ambient restrictions to pig production, particularly characterizing the heat stress situations, with and without the use of an evaporative cooling pad system.
¹he regional importance of pig production
In Portugal, meat consumption in general has been growing in recent years. Particularly pork meat production (292 245 t) and pork meat consumption per capita (30)5 kg), are signi"cantly higher than with other species. Pig production is not su$cient to cover the internal demand, meaning that there is still scope to increase this activity (FPAS, 1995) .
Pig production represents 14% of the total agricultural production and 41% of the total animal production (Antunes-Correia, 1995) . The Alentejo in the south of Portugal, is a characteristic Mediterranean region which produces 17% of the total number of pigs (AERA, 1996) . Although 38% of pigs are raised in piggeries with more than 1000 animals, the average number of animals per piggery is very low (10)2), being higher in the Alentejo (44)0). During recent years, mean pig carcass weight varied between 67 and 70 kg. The main pig production, 47%, is localized near the large population centres which raises ecological problems (INE, 1993) . Alentejo, a pleasant rural region with low population density and situated not far from Lisbon, is a countryside increasingly popular for the urban population and has the potential for an increase in pig farming.
Heat stress e+ects
Hot weather adversely a!ects the performance of pig production (Mount, 1968) . When exposed to heat stress, livestock must increase the rate of heat loss to maintain core temperature (Nichols et al., 1982) . By changing behaviour, the pig uses mechanisms to increase contact with surfaces of low temperature such as the #oor. Through vasodilation, it can increment heat transfer from the internal zone to the external surface (Meneses, 1985) . As ambient temperature increases above the thermoneutral zone and approaches the body temperature, the sensible heat losses decrease due to a lower thermal gradient. Bond et al. (1959) calculate a decrease from 72 to 10% of the total heat losses when ambient temperature increased from 21 to 383C. Under these conditions, the importance of latent heat losses in pigs becomes more relevant, because they do not have active sweat glands and the heat transfer must occur at respiratory and skin levels (Nichols et al., 1982; Randall, 1983; Meneses, 1985) .
Under heat stress, feed consumption and growth rate decrease, and abrupt extreme thermal stress produces signi"cant losses in all production measures (Ingram, 1964) . The energy balance is changed, due to the reduction of feed consumption and it may reach 40% according to Close and Mount (1978) . Massabie et al. (1996) estimated that, in summer, an increase of 13C of the air temperature inside the piggery provokes a decrease of 25 g/day in mean daily gain.
Under heat stress, penalties to e$cient performance, production, reproduction, feed conversion, health and welfare of animals can be severe, as is very well documented (Bond et al., 1959; Roller & Goldman, 1969; Holmes, 1973; Nichols et al., 1982; Morrison & Heitman, 1983; Vajrabukka et al., 1985; Hahn et al., 1987; Nienaber & Hahn, 1988; Geers et al., 1988; Christenbury et al., 1988; Lopez et al., 1991) .
¹emperature}humidity indices
Many di!erent environmental stress indicators have been used for animals, such as respiration rate, respiratory volume, pulse rate, skin temperature, body temperature, activity level, hair coat characteristics and other physiological characteristics. Body temperature, respiration rate and respiratory volume are the most commonly used, either separately or in combination (Fehr et al., 1983) .
Several authors have assessed the combined e!ects of dry-bulb temperature and relative humidity by deriving temperature}humidity indices (THI) for several species. Of those relevant to pigs there are essentially two distinct approaches. The "rst index to be developed (originally for humans but later modi"ed for pigs, NWSCR, 1976) includes constants based on the work of the Livestock Conservation Institute. It was used to evaluate thresholds based on observed animal behaviour during handling and transport. The basic equation for the "rst index I , is
where t B and t U are the dry and wet bulb temperatures of the ambient air in 3C.
A scale indicating the likely e!ect of a range of di!erent combinations of temperature and humidity was derived in the form of a chart from which the relative safety of livestock can be predicted. The chart was divided into three ranges: alert, danger and emergency. The NWSCR indicates that ¹HI over 75 should be considered as an alert situation in order to prevent future heat stress. Between 79 and 83 it is dangerous for con"ned livestock, particularly pigs, and an index of 84 and over is considered very dangerous. Additional hazards are lack of cloud cover and little or no air movement. This derivation of the index has been presented in a number of di!erent forms depending on which of the psychrometric variables are available.
The second series of indices (Ingram, 1965 ) is of a similar form to the "rst, but with somewhat di!erent constants. Rather than being derived from observation of animal behaviour, the index was based on the rate of rise of deep-body temperature as a measure of physiological stress. It has been used with slightly modi"ed coe$cients by several authors (e.g. Roller & Goldman, 1969; Fehr et al., 1983; Gates et al., 1991) but the original form for the second index I as used in this paper is
Evaporative cooling
Evaporative cooling is an adiabatic humidi"cation process (Wiersma & Short, 1983 ) that does not involve heat gain or loss, because sensible heat of the air is used to evaporate the water that comes in contact with the air E. M. LUCAS E ¹ A¸. (Simmons & Lott, 1996) . The sensible heat is then converted to latent heat in the added vapour, resulting in a reduction of the dry-bulb temperature with a complementary increase of the relative humidity and water vapour content of the air.
Cooling e$ciency is a!ected by several factors, such as pad design, location and material, area and thickness of the pad, water temperature, water and air#ow rates and outside air temperature and relative humidity (Timmons & Baughman, 1984; Montero, 1996) . Cooling e$ciency, A in %, can be de"ned as follows (Koca et al., 1991; Heber et al., 1991; Al-Massoum et al., 1998) :
where t B and t U are the dry and wet bulb temperatures of the ambient air and t A is the dry bulb temperature of the cooled air in 3C.
Reported cooling e$ciencies vary according to di!erent authors in di!erent situations and with di!erent equipment. Using a "xed 100 mm thickness and various pad materials, and several air and water #ow rates, AlMassoum et al. (1998) found cooling e$ciencies, from 52)1% using Cel-Deck pad and both air and water #ows at low rates, to 90)1% using date frond chips and high air and water #ow rates. McNeill et al. (1983) found an e$ciency of 85% with external conditions of 36)1}39)43C ambient air temperature and 26}36% relative humidity. Fehr et al. (1983) and also Timmons and Baughman (1984) , in hot and dry conditions, obtained 80% e$ciency using an evaporative cooling pad system. However, if the recirculating water tank and the wetted pad were exposed to the sun, the e$ciency could be reduced by 15%. These results illustrate the importance of shading the pad system and water tank and probably also insulating the tank.
Procedure
Hourly temperature and relative humidity data from four characteristic meteorological stations were analysed for the period 1995}1997. Two of them, Divor and Monte Novo are close to a big water reservoir; the other two, Mitra and Reguengos de Monsaraz, are more typical of a Mediterranean region.
There were some values missing in the hourly data, which never exceeded more than 13 consecutive days during the summertime. Using the &Table Curve 2D' (Jandel Scienti"c, 1994) computer program, correlations were made, using the coe$cient of determination r, between data for the same periods at the di!erent meteorological stations. After choosing the best-"tting equations, data were generated to "ll the short periods of missing data.
The selected meteorological stations were recently established and only a three-year period of data was available. After organizing all the data, those from Mitra for 1995 did not appear to be reliable. There were too many missing data and some other inconsistent values, so they were eliminated from this study.
Relations between temperature and relative humidity were established for each of the meteorological stations and temperature}humidity indices calculated for Eqns (1) and (2).
Taking Eqn (3) with an evaporative cooling e$ciency of 80% and using the &Table Curve 2D' computer program, a simulation was made (and equations established) for the possible dry bulb temperature decrease for di!erent external ambient conditions. The evaporative cooling process led to a decrease of the dry bulb temperature and an increase of the relative humidity, which were calculated. A computer simulation of the situation with and without evaporative cooling, based on the available meteorological data was made. Applying Eqns (1) and (2), the temperature humidity indices were computed. Both situations were compared using an adaptation of the NWSCR chart (1976).
Results and discussion
When the dry bulb temperature is above 203C and for each band of 10% of relative humidity, Tables 1}4 give the average number of hours per year for each pair of values of dry bulb temperature and relative humidity for the meteorological stations of Divor, Mitra, Monte Novo and Reguengos de Monsaraz, respectively. High values of air temperature and low relative humidity during the summer are particularly noticeable at the last two sites. Higher relative humidity values occurred only when temperature was not very high.
The average number of hours of air temperature equal to or higher than 353C reached 62 for Divor, 182 for Mitra, 212 for Monte Novo and 302 for Reguengos de Monsaraz, with the relative humidity generally below 50% in all cases. The meteorological data in Table 5 summarizes the weather conditions for each year at each meteorological station.
The year of 1995, should be considered as an extreme one, with air temperature reaching 453C at Monte Novo and 473C at Reguengos de Monsaraz. The year of 1997 was a mild one all over Portugal.
The ¹HI values were computed for the four meteorological stations, during the three years according to the Eqns (1) and (2).
It is assumed that, using exterior ambient conditions, the ¹HI values are lower than those measured inside the piggery where the wet and dry bulb temperatures increase 365 HEAT STRESS I N PI G PRODUC TION Table 1 Average number of hours per year (1995+1997) for each set of conditions of dry bulb temperature value and relative humidity range for the meteorological station of Divor
Average number of hours per year
Relative humidity Table 2 Average number of hours per year (1996}1997) for each set of conditions of dry bulb temperature value and relative humidity range for the meteorological station of Mitra
Relative humidity due to sensible and latent heat production of the animals. The increased wet and dry bulb temperature is dependent on the building heat balance and so it is a!ected by several factors such as, size of animals, animal density, insulation level and ventilation rate. Fehr et al. (1983) estimated temperature rises of 23C dry bulb and 13C wet bulb. They may be even greater under Mediterranean conditions where every year there are many hours with a ¹HI above 84, which clearly indicates a potential for heat stress. The data from Tables 1 to 4 show that high dry bulb temperatures occur with the lowest relative humidities. This indicates a potential for using evaporative cooling pads during the extreme dry bulb temperatures. E. M. LUCAS E ¹ A¸. Table 6 Number of hours of the temperature and humidity index (THI ) divided in to alert, danger and emergency classes using index I 1 (NWCSR, 1976) , before and after the e4ect of evaporative cooling for each meteorological station and year, assuming evaporative cooling e7ciency of 80%
Alert (75) Table 7 Number of hours of the temperature and humidity index (THI ) divided into alert, danger and emergency classes using index I 2 (Ingram, 1965) , before and after the e4ect of evaporative cooling for each meteorological station and year, assuming evaporative cooling e7ciency of 80% Assuming an evaporative cooling e$ciency of 80% [Eqn (3)] the theoretical dry bulb temperature decreases for di!erent external ambient conditions were computed (Fig. 1) . It is possible to have a theoretical decrease of air temperature of up to 203C, but only with extreme conditions of both high dry bulb temperature and very low relative humidity.
The decrease in dry bulb temperature is accompanied by an increase in the relative humidity. High values of dry bulb temperature are rarely associated with relative humidities above 45%, so the relative humidity of the air leaving the pad is always less than 85%.
Following the logic of the NWSCR (1976) chart, the number of hours for which the ¹HI falls into the alert 369 HEAT STRESS I N PI G PRODUC TION (75)¹HI)78), danger (79)¹HI)83) and emergency (¹HI*84) classes both before and after the theoretical application of evaporative cooling are given in Tables 6 and 7 for Eqns (1) and (2), respectively. Considering Tables 6 and 7 and Fig. 1 , although dry bulb temperature decreases and relative humidity increases, there is a positive bene"t in decreasing the ¹HI using both Eqns (1) and (2). The many hours of emergency conditions are almost completely eliminated by the use of evaporative cooling. Similarly, evaporative cooling reduces the duration of both the danger and alert periods by large amounts.
Comparison of the results obtained from Eqns (1) and (2), shows that Eqn (2) predicts worse conditions under extreme situations, particularly with the high dry bulb temperatures registered at Reguengos de Monsaraz in 1995 and Simulating the use of an evaporative cooling process and using both equations, it was seen that there is not a big di!erence between the indices given by NWSCR (1976) and by Ingram (1965) . All the emergency situations are disappeared, except in Reguengos de Monsaraz in 1996 where they reduced to 31 and 62 h, respectively, using Eqns (1) and (2).
Conclusions
Climatic characterization of the Alentejo, based on hourly dry bulb temperature and relative humidity data, shows a signi"cant duration and intensity of heat stress periods for pigs.
Using the temperature}humidity index ¹HI equations revealed several periods with ¹HI above 84 associated with conditions, which may be related with higher losses in pig production.
The frequent occurrence of both high temperature and low relative humidity during the heat stress periods, is an indication that evaporative cooling systems may be a feasible and cost-e!ective solution for minimizing the e!ect caused by such high thermal stressors in pig production.
A computer simulation of the psychrometric process predicted that most periods of heat stress can be eliminated by using an evaporative cooling pad system with an e$ciency of 80%.
